IMPORTANCE Visual dysfunction and poor cognition are highly prevalent among older adults; however, the relationship is not well defined.
B
lindness and low vision are major public health issues in the United States, affecting 1 in 28 Americans older than 40 years. 1 Poor visual function increases in prevalence with age, 2,3 as does a decline in cognitive function. 4, 5 The number of individuals with vision problems is anticipated to double by 2050, with global estimates of dementia and Alzheimer disease predicted to quadruple by 2050 owing to the rapidly aging population and increases in chronic comorbidities. [6] [7] [8] During the past decade, several cross-sectional studies in the United States and abroad have revealed associations between visual and cognitive impairments in older adults. [9] [10] [11] [12] [13] [14] [15] Visual impairment (VI) in older adults has also been associated with increased risks of having a diverse array of physical and mental comorbidities. 16, 17 Despite this body of evidence, a few studies have failed to show a direct association between cognition and vision. Most attribute correlations to age and rely on standard measurements of visual acuity (VA), with variable methods for cognitive assessment. 18, 19 A Spanish study demonstrated an association between self-reported visual deficits and poor cognitive function, but to our knowledge, subjective visual function has otherwise been little studied, particularly in a US population. 16 Hearing loss has previously been shown to be associated with cognitive decline and dementia as well, [20] [21] [22] [23] and studies have associated dual sensory impairments in vision and audition with poor cognition in the aging population. [24] [25] [26] Finally, poor physical performance has been correlated with cognitive impairment in older adults using a battery of physical functioning and cognitive assessment tests. 27 Although hearing loss and physical function limitations are both possible confounders in the association between visual and cognitive impairment, we have found nothing accounting for these factors in the assessment of vision and cognition in the literature. In this study, we investigate these discrepancies using a nationally representative sample of survey data, the National Health and Nutrition Examination Survey (NHANES), previously used to demonstrate a link between hearing loss and reduced cognitive function. 21 Our analysis incorporates self-reported visual function as well as objective VA measurements, adjusting for comorbid hearing and physical functioning deficits, to evaluate the effect of these measures on cognitive function. Given the wide variation in potential assessment tools, particularly those used to measure cognitive function, we also performed a similar analysis in a complementary data set, the National Health and Aging Trends Study (NHATS). The NHATS is composed of a nationally representative sample of Medicare beneficiaries and provides detailed cognitive and subjective visual function data. We hypothesized that self-reported visual deficits as well as standard VA metrics will show a correlation with cognitive decline. To our knowledge, this is the first US population-based sample of this scale specifically evaluating vision and incorporating different and complementary methods of cognitive function assessment.
Methods

The NHANES Study Sample
We performed a population-based study of older American adults surveyed in the NHANES 1999 to 2002 cycles who underwent cognitive function testing. The NHANES is a national program that collects data on the health and nutrition status of the US civilian, noninstitutionalized population. 28 Participants are selected through complex multistage probability sampling, with oversampling of certain subgroups. 28 Sample weights provide adjusted, unbiased data generalizable to the entire US population. Cognitive function was tested on all respondents aged 60 years and older using the Digit Symbol Substitution Test (DSST), widely regarded with high sensitivity for detecting cognitive dysfunction at good baseline levels of cognition. The DSST may be a more sensitive measure of dementia than the Mini-Mental State Examination. 29, 30 Because there is no gold standard regarding the threshold score for which the DSST indicates cognitive impairment, we selected the lowest quartile in the study group (≤28 points) to indicate poor cognitive performance, or DSST impairment, consistent with methods previously published in the literature. 11,31,32 Visual function was assessed by examination at distance and near and subjectively by questionnaire. Respondents were tested with their usual correction, and results from the better-seeing eye were used for analysis. Visual impairment was defined as worse than 20/40 in accordance with the updated guidelines from the US Preventive Services Task Force. 33 Details regarding the methods for assessment of cognition, vision, and other covariates are described in the eMethods section in the Supplement.
In the 1999 to 2002 NHANES cycles, there were a total of 21 004 respondents, 3706 of whom were aged 60 years and older and 2975 of whom completed the DSST (study group). The mean (SD) age of the study group was 72 (8) years. Women made up 52% of participants (n = 1527) and 61% of participants were non-Hispanic white (n = 1818), 14% were black (n = 412), and 23% were Mexican/Hispanic (n = 671) ( Table 1) . Compared with those who completed the DSST, those who did not (n = 731; 19.72%) were older, more likely to be of minority race/ethnicities, more likely to have lower education levels and lower annual household incomes, and more likely to deny smoking history but report diabetes, myocardial infarction, and stroke. They were also less likely to report hyperlipidemia (eTable 1 in the Supplement). From the study group, 425 participants (14.29%) were missing distance VA measures, 410 (13.78%) were missing near VA measures, and 28 (0.94%) were missing data on self-reported visual function. There was only 1 participant missing self-reports of hearing function and none for physical function.
The NHATS Study Sample
Because the DSST in the NHANES required visual spatial skills, we recognized that VI and cognitive impairment (as measured by the DSST) may be correlated and could confound our results. We therefore supplemented our analysis with data from the NHATS, which uses different cognitive assessment tests that are less dependent on visual function.
We investigated a sample of Medicare beneficiaries between the years 2011 and 2015 with cognitive function data in the NHATS to see whether the results corroborated those from the NHANES. The NHATS, funded by the National Institute on Aging, sampled participants from the 2011 Medicare enrollment file and interviewed them annually, with replenishment of the sample in 2015. 34 Cognitive function was evaluated and categorized as probable/possible dementia vs no dementia based on a classification scheme devised by NHATS. [35] [36] [37] In brief, probable dementia was defined as being diagnosed as having dementia or Alzheimer disease by a physician, as reported by either the participant or a proxy. Additionally, cognitive tests assessing memory, orientation, and function were administered, and scores at or less than 1.5 SDs b Percentages may not add up to 100% owing to missing values for total study cohort: education (n = 7; <1%), income (n = 458; 15%), smoking (n = 7; <1%), diabetes (n = 2; <1%), hypertension (n = 1449; 49%), hyperlipidemia (n = 445; 15%), myocardial infarction (n = 17; <1%), and stroke (n = 8; <1%).
c Percentages may not add up to 100% owing to missing values for total study cohort: age (n = 40; <1%), race/ethnicity (n = 372; 1%), education (n = 410; 1%), income (n = 8500; 28%), smoking (n = 62; <1%), diabetes (n = 61; <1%), hypertension (n = 74; <1%), coronary heart disease (n = 93; <1%), myocardial infarction (n = 83; <1%), and stroke (n = 85; <1%).
from the mean in at least 1 domain qualified as possible dementia. Distance and near visual functions were reported via questionnaire. Details regarding the methods for assessment of cognition, vision, and other covariates are described in the eMethods section in the Supplement. To conduct a cross-sectional analysis comparable with the NHANES using longitudinal data from the NHATS, surveys from participants with multiple years of follow-up were considered distinct observations. From 2011 to 2015, there were 34 190 surveys collected, of which 30 202 (88.34%) were assigned a dementia classification (study group). Thirty-five percent of the study group participants were aged 65 to 74 years, 40% were aged 75 to 84 years (n = 12 212), and 24% were older than 85 years (n = 7266). Fifty-eight percent were women (n = 17 659), and the racial/ethnic distribution was 69% nonHispanic white (n = 20 842), 21% black (n = 6408), and 6% Mexican/Hispanic (n = 1728). Compared with those who completed the dementia evaluation, those who did not (n = 3988; 12.49%) were older, more likely to be women, and more likely to have different racial/ethnic distributions, lower education levels, and lower incomes. Additionally, none who did not complete the dementia assessment reported histories of smoking or comorbid health conditions (eTable 1 in the Supplement). From the study group, 311 participants (1.03%) were missing data for self-reported distance VI, and 385 (1.27%) were missing data for near VI. There were 129 respondents (0.43%) missing subjective hearing loss and 49 (0.16%) missing physical function impairments.
Statistical Analysis
Analyses were based on public nonidentifiable data; thus, this study was deemed exempt by the Stanford Institutional Review Board. All analyses were performed with STATA/SE, version 13.1 (StataCorp). Descriptive statistics were used to characterize the study groups and compare subgroups with and without DSST impairment (NHANES) or with and without dementia classification (NHATS). For NHANES, the 4-year examination sample weight provided for 1999 to 2002, rather than the interview sample weight, was used given that vision examination variables included in the analysis came from the subset of respondents who participated in the examination portion of the survey. For NHATS, we applied examination weights provided for each year of study data. Variance estimates were derived using Taylor Series Linearization per National Center for Health Statistics recommendations. Given the study designs of NHANES and NHATS, we used the svy set of commands in STATA.
Linear and logistic regression models (univariate and multivariate) were used to investigate the association between DSST scores and VI for NHANES. In NHATS, we modeled dementia status and subjective VI with logistic regression. Visual function was assessed independently in each regression model as distance, near, and subjective VI. All models were first adjusted for demographics and socioeconomic status (age, sex, race/ethnicity, education level, and annual household income) followed by the addition of general health conditions and behaviors (smoking status, diabetes, hypertension, hyperlipidemia or coronary heart disease, myocardial infarction, and stroke) (eTable 2 in the Supplement). Finally, fully adjusted models accounted for these variables as well as the additional effects of self-reported hearing impairment and physical limitations. Age was treated as a continuous variable in NHANES and as an interval variable (10-year increments) in NHATS based on available data. "Don't know" and "Refuse" responses were treated as missing values and excluded from the regressions. Two-sided P values less than .05 were considered statistically significant.
Results
Demographics and Baseline Characteristics
Baseline demographics for the study samples are presented in Table 1 , along with missing data for covariates. For NHANES, the unadjusted mean (SD) DSST score was 40.8 (18.7) points, with 25.85% (n = 769) scoring 28 points or lower and categorized as having DSST impairment. Compared with no DSST impairment, respondents with DSST impairment were significantly more likely to be older, of minority race/ethnicity, have less education, and have lower income. There was also a significantly higher prevalence of diabetes, myocardial infarction, and stroke among this group, while prevalence of hyperlipidemia was significantly lower. Additionally, the DSST impairment group was more likely to be male and have hypertension (not significant). For the NHATS, 24.99% (n = 7546) were classified as having dementia based on the probable or possible dementia designations. Compared with no dementia, those with dementia were significantly more likely to be older, female, of minority race/ethnicity, and have less education and lower income. They were also significantly more likely to report no smoking history but positive histories for diabetes, hypertension, coronary heart disease, myocardial infarction, and stroke. Table 2 shows unweighted frequencies characterizing the visual function of the NHANES and NHATS study populations. For NHANES, the largest proportion of patients had good vision; however, measured distance VI was present in 9.14% of this group (n = 272), while near VI was present in 14.52% (n = 432). From self-reports, 30.08% (n = 895) felt that the general condition of their eyesight was fair to very poor and/or that their vision limited how long they could do daily activities a lot of the time to all of the time. Most participants with measured distance VA 20/40 or worse reported subjective VI; however, because patients with good measured VA (20/30 or better) outnumbered those with worse vision by 5:1, most participants with self-reported VI still had good measured VA.
In the NHATS, 7.26% of the study sample (n = 2193) reported inability to see someone across the street and/or watch television across the room, indicating distance VI, while 5.64% (n = 1704) reported inability to read newspaper print, indicating near VI (Table 2) . When items querying distance and near visual function were combined to assess self-reported VI in either, the percentage of impairment increased to 10.32% (n = 3118). Table 3 and Table 4 illustrate the linear and logistic regression models evaluating the association between cognitive func-tion and vision, both objectively measured and subjectively reported. Visual impairment using all metrics was associated with worse DSST scores in the linear regression models, and although the associations diminished with subsequent adjustment for covariates, the results remained statistically significant (distance VI: β = −5.1; 95% CI, −8.6 to −1.6; P = .006; near VI: β = −3.8; 95% CI, −6.2 to −1.3; P = .004; subjective VI: β = −5.3; 95% CI, −8.0 to −2.6; P < .001). All measures of VI were also associated with higher odds of DSST impairment, persisting after full adjustment for distance VI (odds ratio [OR], 2.8; 95% CI, 1.1-6.7; P = .03) and subjective VI (OR, 2.7; 95% CI, 1.6-4.8; P = .001). Near VI was associated with 3.1-fold higher odds of DSST impairment (95% CI, 1.9-5.0; P < .001) when adjusted for demographics and socioeconomic status variables and 1.7-fold higher odds (95% CI, 0.9-3.4; P = .10) when further adjusted for all covariates (not significant). The NHATS results, using a dementia classification scheme to model cognitive impairment and subjective reports of distance, near, and either VI, supported the NHANES observations. All were associated with higher odds of dementia, and these associations persisted after full adjustments with covariates (distance VI: OR, 1.9; 95% CI, 1.6-2.2; P < .001; near VI: OR, 2.6; 95% CI, 2.2-3.1; P < .001; and either VI: OR, 2.1; 95% CI, 1.8-2.4; P < .001).
Visual Function and Cognition
Discussion
Our study of a nationally representative sample of older Americans demonstrates an association between VI and worse cognitive performance as measured by the DSST (NHANES) and by assessment of dementia status (NHATS). These findings corroborate and expand on prior reports evaluating low vision or ophthalmic diseases and poor cognitive function.
9-17 While many of these studies focused on specific diagnoses (eg, cataracts, age-related macular degeneration, and diabetic retinopathy) and/or objective VA measurements, here we used multiple metrics of vision loss, objective distance and near VA and subjective visual function, as our primary variables of interest and include several methods for evaluating cognitive function.
When assessed independently after controlling for a wide range of potential confounders, measured VI at distance and near was associated with 5.1-point and 3.8-point decreases, respectively, in DSST scores compared with participants with good visual acuity. Self-reported VI more closely resembled distance than near VI, with a 5.3-point decrease in DSST scores compared with participants reporting no VI. Considering that the middle 50% of the NHANES study group scored within a 25-point range on the DSST, even a 5-point decrease is noteworthy.
These relationships were significant in our logistic regression models of DSST impairment for distance VI and selfreported VI but not for near VI. We also found that selfreported VI was associated with 1.9-fold to 2.6-fold increased odds of dementia as classified by NHATS. This is the first evidence, to our knowledge, of a strong, clear association between self-reported VI and cognitive impairment in a largescale, broadly representative sample of the US population.
Implications and Impact
There appears to be a substantial association between VI and worse cognitive performance, even after accounting for other age-related predictors of cognitive decline including 
Limitations
Despite this study's strengths, we recognized that cognition is a multidimensional construct that no single test can comprehensively measure; therefore, we used 2 data sets with varying cognitive tests of memory, orientation, and executive functioning. However, the potential for bidirectional confounding remains, with VI limiting the ability to obtain accurate cognitive testing and/or cognitive impairment complicating VA assessments owing to difficulty processing and communicating visual input. Although we were unable to completely mitigate this, the NHANES did provide safeguards: having participants wear reading glasses when needed, excluding blind participants, and excluding participants unable to complete a practice exercise owing to visual, physical, or cognitive impairments, as determined by a trained interviewer. 46 Furthermore, the NHATS data substantiated results from the NHANES while using different criteria for dementia classification that involved mostly nonvisual cognitive function tasks. This consistency supports a real association between VI and poor cognitive function. Importantly, the results presented in this cross-sectional analysis are purely observational. A causative relationship between VI and cognitive dysfunction cannot be established without longitudinal studies. We also cannot exclude the effects of nonresponse bias for those who did not complete the DSST or dementia evaluation or recall bias for data collected by selfreport. Furthermore, just as cognitive impairment may complicate the evaluation of vision, it can also call into question the reliability of using self-reported measures.
Conclusions
In summary, VI is significantly associated with worse cognitive function after adjusting for demographics, health, and other factors in this cross-sectional analysis of 2 nationally representative samples of the US population. These findings were most pronounced for VA measured at distance and by self-report and highlight the importance of accounting for cognitive impairment as an outcome in future studies aimed at reducing VI in older adults, including randomized clinical trials of vision screening. Further research is warranted to better understand longitudinal and causal relationships between visual and cognitive decline. However, from a policy perspective, should causality be established, this may contribute to the value of vision screening, not only to identify patients who may benefit from treatment of correctable eye diseases but also to suspect broader limitations in function from cognitive and directly visual tasks. 
Supplementary Online Content
Cognition
The Digit Symbol Substitution Test (DSST) is a version of the Wechsler Adult Intelligence Scale, Third Edition (WAIS III) Digit Symbol-Coding module, and was administered per protocol. Participants were asked to replicate symbols corresponding to given numbers based on a key during a 120-second period. Each correct pair was scored 1 point, with a maximum score of 133. A DSST score ≤28 points was categorized as "DSST impairment", reflecting poor cognitive performance. DSST scores were evaluated as a continuous outcome variable in linear regression models, as well as a binary variable (presence or absence of DSST impairment) in logistic regression models.
Vision
During the 1999-2002 cycles, the vision exam was performed in all eligible respondents ages 12 and up according to the Vision Procedures Manual, whereas near vision was measured only in subjects 50 years and over. 1 Participants were excluded if they were completely blind (complete reliance on a cane, seeing eye dog, or another person), wore eye patches over both eyes, or had severe eye infections.
Presenting distance visual acuity (VA) was measured in each eye per protocol using an autorefractor displaying a VA chart. Respondents were tested with their usual correction, if any, available at the time of examination. Distance visual impairment (VI) was defined as VA worse than 20/40 in the better-seeing eye. Near vision was tested with both eyes open using the NHANES 5-line near-vision card of decreasing size print. Near VI was defined as near VA worse than line 4, approximately equivalent to 20/40. Subjective visual function was assessed via questionnaire, and subjective VI was defined as reporting either "fair" to "very poor" in response to a question on participants' general condition of eyesight, or "some of the time" to "all of the time" in response to a question on how often participants are limited in performing daily activities due to their vision.
Covariates Auditory function was assessed by self-reports of general condition of hearing (without hearing aids), with hearing impairment defined as responses of "a lot of trouble" to "deaf". The NHANES questionnaire also contained a number of items on the difficulty of walking or performing basic activities. Physical function impairment was defined as having at least one response of "some difficulty" to "unable to do". Demographic and socioeconomic (SES) variables included self-reported age, gender, race/ethnicity, education level, and annual household income. General health conditions and behaviors included self-reported cigarette smoking status (categorized as never, former, and current). Diabetes, hyperlipidemia, myocardial infarction, and stroke were based on selfreports of whether participants were told by a doctor or other health professional they have or had diabetes, high blood cholesterol, a heart attack, or stroke, respectively.
Hypertension was based on self-reports of whether participants were told by a doctor they have high blood pressure on 2 or more occasions.
Detailed Description of National Health and Aging Trends Study (NHATS) Methods
Cognition
Participants with cognitive impairment were identified and classified as having probable dementia, possible dementia, or no dementia based on criteria following the NHATS protocol.
2-4 Briefly, respondents were classified as probable dementia if either the participant or proxy reported a doctor told the participant that he or she had dementia or Alzheimer's disease. An AD8 score ≥2 also met the criteria for probable dementia if the proxy did not report a diagnosis. The AD8 assesses memory, temporal orientation, judgment, and function through an 8-item questionnaire administered to informants. 5 Additionally, NHATS included five cognitive tests, including orientation to date and naming of the president and vice president, immediate and delayed word recall, and clock drawing, that evaluated three cognitive domains -memory, orientation, and executive functioning. Scores at or below 1.5 standard deviations from the mean for selfrespondents for at least two of the domains indicated probable dementia, while possible dementia was indicated by impairment in one domain. Respondents who did not qualify as probable or possible dementia were classified as having no dementia.
Vision
Although NHATS provided only self-reports of visual function, questions were targeted at assessing both distance and near vision, using contact lenses or glasses if necessary. For subjective distance vision, participants were queried about whether they could "see well enough to recognize someone across the street" or "see well enough to watch television across the room", with an affirmative response to either indicating distance VI. Near vision was assessed by asking if the participant could read newspaper print. Responding yes to any of the above vision items was considered subjective VI, reflecting distance as well as near visual function.
Covariates
Participants were considered to have impairments in hearing if they responded affirmatively to questions asking if they could hear well enough to use a phone or have a conversation in the presence of background radio or TV noise. Physical function impairment was defined by participants' inability to perform activities including walking three blocks or up ten stairs, carrying ten pounds, getting on knees, bending over, reaching overhead, or grasping small objects. Demographic and SES variables were selfreported and similar to those collected by NHANES, with the exception of age and annual household income. In NHATS, age was reported in 5-year intervals starting from age 65; for the purposes of our analysis, we created 10-year age intervals, with age 85 and over comprising the last category. Information on annual income was collected in 2011, 2013, and 2015 and was recorded as total collective income in the past year between the participant and his or her partner, if applicable. Five sets of imputed variables were provided by NHATS, containing copies of responses for item responders and imputed values for item non-responders. For our analysis, we averaged the five imputed values for the data from 2011, 2013, and 2015 and grouped the values in a manner similar to NHANES. Because no income data was offered for the years 2012 and 2014, we assumed stable income from the previous year. General health conditions and behaviors were self-reported and similar to NHANES with the exception of hyperlipidemia. Although hyperlipidemia was not recorded in NHATS, we included coronary heart disease instead. 
